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Abstract

Laminar-turbulent transition is a phenomenon that extensively exists in many fluid flows.
Accurate and cost-effective modelling of the transition is of fundamental importance for the
design and diagnosis of relevant flow processes and industry systems. Existing transition
turbulence models were mostly developed for high-speed aerodynamics applications. Their
suitability for buoyant low-speed flows, such as natural and mixed convection flows, has
been rarely assessed. This study aimed to bridge this gap through comparing the velocity
and temperature fields yielded from various transition turbulence models against the exper-
imental data of natural convection flow in a differentially heated cavity. The results showed
that Wilcox’s low-Re modification to the SST k-w model and the transport y-equation had
good accuracies for low-speed natural convection flows. Other models, including the alge-
braic y-equation, y-Reg model and k;-k;-cw model, overpredicted the turbulence quantities,
resulting in significant predictive errors in velocity and temperature simulations.

Keywords: laminar—turbulent transition; transition turbulence models; natural convection
flow; model comparison; computational fluid dynamics

1. Introduction

Laminar—turbulent transition in fluid flows is a phenomenon extensively encountered
in many natural and industrial processes. The transition can happen in the boundary layer
or free stream, as shown in Figure 1. The mechanisms of laminar—turbulent transition
are highly complicated, involving many factors such as domain geometry, flow velocity,
surface roughness, upstream disturbance, pressure gradient, heat input, etc., making their
experimental characterization and theoretical modelling very challenging. Morkovin [1]
was probably the first to investigate the mechanisms of transition in flow systems. He
proposed that the transition can happen via multiple pathways, and these pathways can
basically be classified into two types: natural transition and bypass transition. Natural
transition is caused by small disturbances, which are progressively amplified as the fluid
flows, leading to growing flow instabilities and ultimately full turbulence. On the other
hand, bypass transition happens when the perturbations are sufficiently large, so that the
natural transition is bypassed and the flow quickly becomes turbulent.
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Figure 1. Flow visualization of the transition from laminar to turbulent flow: (a) laminar—turbulent
transition in boundary layer flow [2]; (b) laminar—turbulent transition in jet flow [3].

The capability to predict and control flow transition is of fundamental importance
for many engineering applications such as aircraft design, power generation, heating and
cooling, material and chemical processing, etc. For this purpose, computational fluid
dynamics (CFD) simulation is a commonly used tool. Given the time-dependent and
anisotropic nature of laminar—turbulent transition, high-fidelity simulation techniques
such as direct numerical simulation (DNS) and large eddy simulation (LES), both relying
on fine spatial and temporal resolutions, are regarded as suitable for the depiction of the
complex flow behaviors and promising for the mechanistic understanding of the associated
flow physics. However, these methods are constrained by their prohibitive computational
costs, especially when time and cost efficiencies are the priority. In contrast, Reynolds
Average Navier-Stokes (RANS) models, in particular eddy viscosity models [4], offer a
cost-effective alternative because they generally do not require high levels of spatial and
temporal resolutions, making the analyses faster and cheaper. Eddy viscosity models
are and will remain the workhorse of turbulence modelling at engineering scales for the
foreseeable future.

However, conventional eddy viscosity models are based on the Boussinesq approxi-
mation that assumes turbulent eddies are isotropic. Theoretically, these models are only
suitable for fully developed turbulent flows or turbulent eddies in the inertia and dissipa-
tion ranges in Kolmogorov’s energy spectrum [5]. One key feature of transitional flows
or flows in the transition region is that the flows are half-laminar and half-turbulent. To
simulate transitional flows, these flow behaviors must be carefully formulated. Over the
past decades, several transition turbulence models have been developed for this purpose.
These models can be divided into two groups, namely, the “local-correlation-based” and
“phenomenological” transition turbulence models, as shown in Figure 2.

Corrsin [6] introduced the intermittency factor v (0 < ¢ < 1) to evaluate the fraction
of time that the flow is turbulent at a specific spatial point, with ¢ = 0 indicating a fully
laminar flow and = 1 for a fully turbulent flow. Corrsin’s work laid the groundwork
for the development of algebraic [7] and transport equations for y [8], leading to a family
of “local-correlation-based” turbulence models. In addition, Mayle and Schulz [9] intro-
duced the concept of laminar kinetic energy k; to describe the laminar fluctuations in
the pre-transition region. They developed a transport equation for k;, which was later
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integrated into the k-w model by Walters and Cokljat [10], resulting in a three-equation
“phenomenological” k;-kj-w turbulence model.

—-{ Algebraic y equation |<- ------ 4 - i
Local-correlation- - R
{ y transport equation ]+ ------ 1 : B
Transition based models 7 2
turbulence ——l y-Reg model |.. ...... 3 :
models Phenomenological
kK model
models

Figure 2. The classification of transition turbulence models.

These transition turbulence models were mostly developed for aerospace applica-
tions. They have been partially assessed for high-speed flows such as those over gas
turbines [11,12] and airfoils [13,14]. However, their suitability for low-speed flows, espe-
cially natural convection or mixed convection flows where the buoyancy forces play a key
role, has rarely been evaluated. Given the ubiquitousness of buoyancy flows in natural
and industrial processes, it is crucial to develop or find a suitable turbulence model to
improve their CFD simulations. In this study we aimed to bridge this gap by performing
CFD simulations using various transition turbulence models. The simulated velocity and
temperature fields were compared against experimental data reported in the literature. The
results showed that Wilcox’s low-Re modification to the SST k-w model and the -y transport
equation achieved good agreement with the experimental data. It should be noted that,
strictly, Wilcox’s low-Re modification is not a transition turbulence model; however, it
achieved surprisingly good simulations for transitional flows. This attribute makes it a
good option for engineering applications due to the low computational cost and good
numerical stability. Comparatively, the  transport equation offers a more mechanistic
modelling at a slightly higher computational cost.

2. The Transition Turbulence Models

This study focused on thermal buoyancy flows of air with small temperature varia-
tions, such as those found in air-cooled electronics systems and occupied indoor spaces.
This allowed us to ignore the density variation of the fluid and use the Boussinesq ap-
proximation to formulate thermal buoyancy forces. The mean flow was modelled using
the RANS equations and air turbulence was modelled using the local-correlation-based
and phenomenological transition turbulence models. The RANS equations have been
elaborated elsewhere [4] and will not be repeated here for conciseness. The transition
turbulence models are discussed as follows.

2.1. The Local-Correlation-Based Models

The local-correlation-based models are a group of transition turbulence models based
on the intermittency factor 7, which can be modelled via an algebraic or transport equation.
It should be noted that the y-equation must be integrated into a suitable underlying
turbulence model for a complete transition modelling. Various turbulence models have
been used over the past decades, among which the SST k-w model of Menter [15] is
extensively used partially because it uses relatively fine mesh cells (y* ~ 1) to resolve the
near-wall turbulence, enabling a more accurate depiction of flow transition. Within the SST
k-w framework, v only modifies the production and dissipation terms of the k-equation,
while the w-equation and all other terms in the k-equation remain unchanged compared
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to the SST k-w model of Menter [15]. With the v modification, the turbulence model is
expressed by

8 . a V¢ ak * *
5} . v\ dw

where k and w are the turbulent kinetic energy and specific turbulence dissipation rate; u;
is the velocity component in the x; coordinate axis; v and v; are the kinematic and turbulent
kinematic viscosities; 0y and o, are the turbulent Prandtl numbers for k and w; Py and D;;
are the modified production and dissipation terms for k; P, and D,, are the production and
dissipation terms for the specific turbulence dissipation rate w; D is the cross-diffusion
term for w.

Skp and S, , are buoyancy-induced source terms for k and w, respectively, which are
defined by

- ] Vt BT
Sk,b - ﬁgl Prt axi (3)
w
Swp = ;((1 + &) C3¢Skp — Skp) (4)

where « is an empirical constant and Cs; is a model constant.
The modified production and dissipation terms in the k-equation (Equation (1)) are
expressed by, respectively,

P = max(y, Ysep) P 5)
Dy = min (max (max(’y, 'ysep), 0.1) , 1.0) Dy (6)

where Py and Dy are the production and dissipation terms of k defined by Menter [15]. The
above equations show that the modification is implemented via simply multiplying the
original production and dissipation terms with the intermittency factor y, which is then
numerically bounded using a value associated with flow separation (ysp) in order to avoid
unphysical behaviors.

The turbulent viscosity is calculated from k and w yielded from the above turbu-
lence model.

k 1
" O (L 5B @)
maX(oT*, 5117)

where a* and a1 are empirical constants, S is the modulus of the strain rate tensor and F; is
a blending function to smoothly bridge the k-¢ and k-w models.

The method to evaluate v is different in different local-correlation-based models, as
detailed below.

e  The algebraic y-equation

Algebraic equations are the simplest approach to the evaluation of . Equation (8) has
been widely calibrated for external aeronautical flows.

v = tanh (Rat%e) (8)

where Ratg, is the ratio of the empirical vorticity Reynolds number Rey;; to the critical
momentum thickness Reynolds number Reyc.

Re
Ratg, = REV;; )
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Reyy, = min (max(S, 5 23 w)dy 5000) (10)
21
Rege = min (Tuo 10000) FPG (11)
1

where (2 is theor, dy, is the distance to wall, Tu; is the turbulence length scale and FPG is a
function of pressure gradient.

e  The vy transport equation

Alternatively, v can be modelled using a transport equation:

dy d d v\ 9
=+ —(u;) = =— — | = P, —E 12
ot oy, (74) axi<(v+a7)axi T By (12)
where ¢, is the turbulent Prandtl numbers for y; P, and E, represent the production and
elimination of 7y due to the transition from laminar to turbulent flow and re-laminarization
of turbulent flow, respectively.

Py = FlengthS'Y(l — ¥) Fonset (13)

E’y = CaZQ’YPturb(CeZ - 1) (14)

where Figp, and Fy,yp are empirical functions; ¢z and ¢, are empirical constants. The
laminar—turbulent transition is controlled by the onset condition Fous.t, which is an al-
gebraic function of the critical momentum thickness Reynolds number Reyc defined in
Equation (11).

Fonset = f<R66C> (15)

The exact expression of Fyust can be found elsewhere [16] and is omitted here
for conciseness.

In the transport equation, the critical momentum thickness Reynolds number Regc is
expressed as an empirical algebraic equation of the boundary layer turbulence intensity
and pressure gradient parameter. The algebraic expression significantly simplifies the
calculation, which, however, may introduce errors and uncertainties.

e They-Reg model

To improve the -y transport equation, Langtry and Menter [17] developed an additional
transport equation for the transition Reynolds number Réy;, which was formulated based
on the momentum thickness Reynolds number.

aRégt i - N i aRE@t
% o (Régsu;) = ox; (Uet(v +Vt)7axi + Do (16)

where oy, is the turbulent Prandtl number for Réy;. The production term of R&y; is defined by
Po = <% (Reg; — Rég;) (1.0 — F, 17
ot = T( egr — Rép) (1.0 — Fyy) 17)

where Fy; is an empirical coefficient. Equations (12) and (17) together constitute the
v-Reg model.

2.2. The Phenomenological ki-kj-w Model

The phenomenological models use a different approach to the modelling of turbulence
transition. Walters and Cokljat [10] proposed that the fluctuation behaviors in the pre-
and post-transition regions are different, and therefore introduced the laminar kinetic
energy k; and turbulent kinetic energy k; to evaluate the energy carried by the large-scale
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(low-frequency) velocity fluctuations in the pre-transition boundary layer and small-scale
(high-frequency) velocity fluctuations displaying the characteristics of fully turbulent flow.
Correspondingly, the turbulent viscosity is divided into a large-scale and a small-scale
component corresponding to k; and k;, respectively. The total fluctuation kinetic energy
and total turbulent viscosity are the sum of the components.

k=k+k (18)

Vb = Vs + V4 (19)

Based on the k-w model and Morkovin’s [1] theory of natural and bypass pathways,
Walters and Cokljat developed the following transport equations for kj, k; and w, forming a
3-equation kj-k;-w model.

ok d d ok
aftt+af(ktu ) (<1/+(Xt> t) +Pkt +RBP+RNAT*CUkt*Dkt +Skt,b (20)

ox; 1495 Xi
ok; 9 o ([ 9k
§+87xi(kl”i> - axl( axl) + Py, — Rpp — Rnvar — Dy, + Sk (21)

%—‘;’Jra%i(wui):a%((wvf) )+Cw1kPkt (%— )%(R+RNAT)

(22)
_szw + Cwl’vfa)lxt‘fw\gig]7 + Sw,b

where ay, at, Co1, Cwr, fw, Cw2, Cws, and f, are empirical constants. Py, Py, and Dy, Dy,
are production and dissipation terms for k; and k;, respectively. S, ;, S, » and S, j, are
source terms due to buoyancy. The key components in the kj-k;-w model are the terms
describing the production of turbulence due to the natural and bypass pathways, Ryar and
Rpp, expressed by

Ryar = CrnarBnark Q2 (23)
C k
Rpp = Iﬁm (24)

The production terms (P, and P,) and dissipation terms (D, and Dy,) of k; and k; are
defined by, respectively,

Py, = v155° (25)
P, =v,S? (26)
L avkavk

Dy =2v % 0%, (27)
. ovk ovk

Dl = 21/ BXi aXi (28)

2.3. Wilcox’s Low-Reynolds Number Modification

Wilcox’s low-Re modification [18] to the SST k-w model in essence is not a transition
turbulence model because it does not include any transition formulation. However, it
has achieved surprisingly good accuracy for the simulation of high-speed transitional
flows [7,19]. Therefore, it is included here to assess its suitability for low-speed thermal
buoyancy flows.

According to Menter’s definition [15], the coefficient a* = 1 in the turbulent viscos-
ity formula (Equation (7)), which makes the SST k-w model mainly suitable for high-
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Reynolds number flows. To simulate low-Reynolds number turbulent flows using the
model, Wilcox [18] re-defined the coefficient as

. (a’6+Ret/Rk>

- ®\ 1+ Ret/Ry 29)

where Re; is the turbulent Reynolds number; other parameters are all empirical constants.
The modification potentially affects the laminar—turbulent transition process as it produces
a delayed onset of the turbulent boundary layer and constitutes a very simple approach to
the modelling of laminar-turbulent transition. Studies [7,19] using the low-Re modification
achieved surprising successes for the simulation of transitional flows, which, however, were
believed to be “accidental artifacts” [20]. Nevertheless, owing to the low computational cost
and surprising accuracy, the SST k-w model with Wilcox’s low-Re modification is sometimes
recommended as a useful option for transitional flows in engineering applications [10].
After all, the Boussinesq approximation that underpins the eddy viscosity models has been
widely accepted and proven effective in engineering fields, although it is often criticized
for lacking theoretical soundness.

3. Numerical Procedures

The experiments of natural convection flow of air by Salat et al. [21] were selected for
model validation in this study. The experiments were performed in a differentially heated
cubic cavity with dimensions of 1000 x 1000 x 1000 mm, as illustrated in Figure 3a. Two
opposite vertical walls (low-X and high-X walls) were maintained at constant temperatures
through water circulation. The hot wall had a temperature of T}, = 30 °C and the cold
wall had a temperature of T, = 15 °C. The cavity was divided into 3 chambers, where the
middle chamber (320 mm thickness) was the test chamber and the side chambers served as
thermal guards. This configuration made the side walls of the test chamber near-adiabatic.
The top and bottom walls were insulated using polyurethane foam and their temperature
was monitored using T-type thermocouples. The test chamber had a Rayleigh number of
1.5 x 10° [21], indicating the natural convection flows in it were in the range of laminar—
turbulent transition [22]. Temperature and velocity measurements of air in the test chamber
were performed using thermocouples and a laser Doppler anemometer along a 60 mm
horizontal line (Test line 1) at a height of 500 mm and a 500-mm vertical line (Test line 2) in
the middle plane of the test chamber. Test lines 1 and 2 represented a near-wall region and
broader region, covering both the near-wall and bulk regions.

The test chamber was selected as the computational domain, which was then dis-
cretized using a structured mesh, as shown in Figure 3b. Local mesh refinement was
applied in near-wall regions, resulting in y* < 0.11 on all solid surfaces, which ensured
sufficient boundary layer resolutions. Mesh independence was achieved at 2.8 million cells,
as a further mesh refinement by a factor of 1.3 in all coordinate directions following the
procedure recommended by Celik et al. [23] only caused a small change (<0.5%) in the air
velocity profiles along a vertical test line, as shown in Figure 4. Constant temperatures
were applied at the hot, cold, top and bottom walls according to the experimental con-
dition, while the side walls were treated as adiabatic. A total of 5 computational cases,
each with a different transition turbulence model, were completed, as listed in Table 1.
The above model equations together with the RANS equations were discretized using the
finite volume method with the 2nd-order upwind scheme and solved using the coupled
solver built in the commercial CFD code Ansys Fluent 2024R2. Being different from the
segregated algorithms such as the SIMPLE and PISO algorithms, the coupled solver solves
the continuity and momentum equations in a coupled way, and then solves the energy and
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turbulence equations in a segregated way, enabling a fast convergence. Convergence was
achieved within 5000 iterations when all residuals dropped below 1 x 10~4.
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Figure 3. The geometry model and computational mesh of this study: (a) the experimental chamber
of Salat et al. [21]; (b) mesh details and y*.
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Figure 4. Mesh independence analysis.

Table 1. Computational cases with different transition turbulence models.

Case No. Turbulence Model

1 SST k-w model with algebraic y-equation

2 SST k-w model with transport y-equation
3 SST k-w model with y-Reg model

4 k¢-kj-co model
5

SST k-w model with Wilcox’s low-Reynolds number modification

4. Results and Discussion
4.1. Air Velocity and Temperature Fields

The simulations showed that driven by the thermal buoyancy forces, naturally circu-
lating flows and thermal stratification are formed in the test chamber. Figure 5a,b show the
typical air velocity and temperature contours in the middle plane (Y = 0 m), respectively.
The figure shows that the air next to the hot wall was heated up, forming a rising flow
in the vicinity of the hot wall. The flow then changed to the horizontal direction upon
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approaching the ceiling. The temperature and velocity of the horizontal flow gradually
decreased as it moved towards the cold wall while keeping attached to the ceiling. The flow
then turned downwards as it reached the cold wall. However, the air at this position had a
higher temperature and hence a lower density than that at lower heights, the buoyancy
force drove a part of the descending flow to change its direction and move horizontally
towards the hot wall. The strength of the horizontal flows gradually reduced as the tem-
perature of the air decreased. Significant descending flow was observed next to the cold
wall, which turned into a cold, horizontal flow towards the hot wall at the bottom of the
cavity. The stratified horizontal flows were a key factor contributing to steady thermal
stratification in the cavity (Figure 5b).

024

0.20

0.16

0.12

30.0
28.1
263
244
225
206
18.8
16.9
15.0
(b)

Figure 5. Contours of simulated air velocity and temperature in the plane Y = 0.0 m (Case 1):
(a) velocity (m/s); (b) temperature (°C).

The air velocity and temperature distribution patterns yielded from the transition
turbulence models described in Section 2 were qualitatively similar. However, quanti-
tatively, these models produced different air velocity and temperature fields, indicating
different capabilities of turbulence modelling resulting in different heat transfer and flow
simulations. The simulated profiles of w-velocity along the short horizontal line (Test line 1)
and u-velocity along the longer vertical line (Test line 2) in Figure 1 are compared against
their corresponding experimental data in Figure 6a and b, respectively. The DNS data
by Salat et al. [21] are also included in the figure. Figure 6a shows that all turbulence
models predicted that the magnitude of the w-velocity quickly increased from the wall,
then peaked at a position approximately 5-8 mm from the wall before decreasing towards
the cavity center. Quantitatively, most transition turbulence models except the y-Reg model
(Case 3) achieved good agreement with the experimental data and DNS simulation in
the near-wall regions. In a larger region (Test line 2, shown in Figure 6b), the < transport
equation (Case 2) and Wilcox’s low-Re modification (Case 5) performed best, especially in
the regions of Z < 0.2 m.

Correspondingly, the simulated air temperature profiles along the test lines are com-
pared against the experimental data in Figure 7, where the dimensionless reduced tempera-
ture is defined by
T (T +Te)/2

T*
T, — Tc

(30)
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Figure 6. Comparison of simulated air velocity against experimental data [21]: (a) Test line 1; (b) Test
line 2.
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Figure 7. Comparison of simulated air temperature against experimental data [21]: (a) Test line 1;
(b) Test line 2.

Compared to the velocity simulation, the agreement between the CFD results and
experimental data of air temperature was not great, suggesting some experimental de-
tails may not have been fully taken into account in the CFD models (for example, actual
temperature distribution on the cold and hot walls, surface roughness, disturbance to
the flow field by thermal couples, etc. could not be fully considered in the CFD model).
However, the temperature profiles yielded from the transition turbulence models basically
matched the DNS data of Salat et al. [21], which indicated the reliability of the numerical
simulations of this study. Figure 7 shows that the agreement was very good in the near-wall
regions (X < 0.01 m for Test line 1 and Z < 0.2 m for Test line 2). However, deviations were
observed in the regions away from the walls. Among all the investigated models, the ¢
transport equation (Case 2) and Wilcox’s low-Re modification (Case 5) had the best, though
comparable, accuracies, while the y-Rey model (Case 3) was the least accurate.

4.2. Effects of Turbulence Modelling on Flow and Heat Transfer Simulations

The above deviations in air velocity and temperature simulations were strongly related
to the method of turbulence modelling used by different models. The investigated cavity
of this study did not have an inlet or outlet for air supply or exhaust; thus, the air flow was
purely driven by thermal buoyancy forces. As a result, the air turbulence only resulted
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from the thermal buoyancy flows. When different turbulence models were used, different
degrees of air turbulence were predicted, which then affected the simulations of air velocity,
temperature, etc. To help understand the strength of turbulence yielded from different
turbulence models and their effects on the mean flow and heat transfer, the eddy viscosity
ratio v,, defined as the ratio of the turbulent viscosity to the kinematic viscosity of the
fluid (v, = v¢/v), was plotted in Figure 8 for the plane of Y = 0 m. The turbulent viscosity
ratio represented the relative strength of the turbulent viscosity compared to the molecular
viscosity of air, and therefore can be used as an indicator of turbulence strength. A v, value
smaller than 1.0 indicated that the local shear stress in the flow was mainly due to the
molecular viscosity of the fluid, while v, > 1 meant turbulent fluctuations played a dominant
role in generating the shear stress. The curves of v, = 1 were extracted and added in Figure 8
(black curves) to illustrate the laminar- and turbulence-dominated regions.

The results show that the low-Re modification (Case 5) produced the lowest v, val-
ues throughout the domain, followed by the -y transport equation (Case 2), as shown in
Figure 8e and b, respectively. Both models predicted that the flow in the cavity was near-
laminar, only with small areas having v, > 1.0. In addition, the simulations showed that
the local-correlation-based models performed very differently than the phenomenological
model in terms of turbulent viscosity. Figure 8a,c show that both the algebraic y-equation
(Case 1) and y-Reg model (Case 4) predicted that the near-wall regions would have a large
turbulent viscosity ratio, while the bulk region in the middle of the cavity is dominated
by laminar flows. However, the kj-k;-«w model produced a very different v, distribution
pattern indicating that most of the cavity was dominated by turbulent flows, while only the
boundary layers were controlled by laminar flows. Moreover, the k;-k;-w model predicted a

significantly thicker boundary layer than the y-based models.

™\

2 3 3 3

Eddy viscosity ratio (-)

B
53

X
2

00 02 04 06 08 10
X (m)

(d) (e) ()

Figure 8. The contour plots of turbulent viscosity ratio in the plane of Y = 0 m (note: the black
curves in the contours represent the turbulent viscosity ratio v, = 1): (a) Case 1; (b) Case 2; (c) Case 3;
(d) Case 4; (e) Case 5; (f) v, profiles.
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A quantitative comparison of the turbulent viscosity ratio along the horizontal line
at Z = 0.5 m in the Y = 0 plane is presented in Figure 8f. The figure shows that the line
can basically be divided into three regions: near-wall regions next to the hot (X < 0.2 m)
and cold (X > 0.8 m) walls, and the bulk region sitting between the near-wall regions. The
results show that the low-Re modification (Case 5) produced the lowest eddy viscosity
in the near-wall regions, followed by the  transport equation (Case 2), while the y-Reg
model (Case 3) produced the largest eddy viscosity in these regions. The predicted maximal
and minimal eddy viscosity was more than 1000 times apart, and this was believed to
be the main cause of the lowest air rising velocity in the near-wall regions produced by
the v-Reg model, as shown in Figure 6a. In the bulk region (0.2 m < X < 0.8 m), however,
the k;-k;-w model (Case 4) produced the highest turbulent viscosity, which was 2 to 11
times the kinematic viscosity of air and more than 100 times that produced by the algebraic
y-equations and vy transport equation. This explained the lowest air velocity (Figure 6b)
and highest reduced temperature (Figure 7b) simulated by the k;-k;-cw model.

To further assess the models’ capabilities of modelling flow transition, the contours
of intermittency () in the plane of Y = 0 m were plotted, as shown in Figure 9, for the
local-correlation-based models (Cases 1-3). According to the definition of the intermittency,
v = 0 meant the flow was fully laminar, while 7 = 1 represented fully turbulent flow. As
shown in Figure 9a, the algebraic y-equation predicted that laminar flow mainly existed in
the boundary layers and a region in the center of the cavity, while turbulent flows existed
in a close loop region. Comparatively, the region next to the cold wall had a stronger
turbulence intensity than that next to the hot wall. The transport y-equation, on the other
hand, predicted that turbulent flow only existed in two opposite cavity corners, sitting
at the beginning points of the hot and cold walls, while all other regions are dominated
by laminar flow, as shown in Figure 9b. The -Rey model predicted that almost the
entire cavity except the boundary layers was dominated by turbulent flow, as shown in
Figure 9c. As the flow in the cavity was purely driven by thermal buoyancy force, and
given the discrepancies between the predicted air velocity and temperature as shown
in Figures 6 and 7, we suspected that the level of turbulence was overpredicted by the
algebraic y-equation and y-Reg model. Comparatively, the transport y-equation produced
the best prediction.

(b)

Figure 9. The contours of intermittency (7) yielded from the correlation-based models in the Y = 0
plane: (a) Case 1; (b) Case 2; (c) Case 3.

As aresult of the turbulence modelling methods, significantly different integral quanti-
ties are produced on the walls. Figure 10 shows the distributions of the predicted wall shear
stress and heat flux on the hot wall. It was observed that both the wall shear stress and
heat flux were very low in the lower and upper corners due to the small local w-velocity
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Z(m)

component. The integral quantities quickly increased as the w-velocity built up along the
height. The y-Rey model produced the lowest wall shear stress but the highest wall heat
flux. Again, the 7y transport equation (Case 2) and low-Re modification (Case 5) produced
very close simulations, in both wall shear stress and heat flux.

e e 1.0
0.81 0.8 -
——Case 1
069 — Case2 AO-G“
Case 3 E
Case 4 N
044 ——Case5 0.4
——Case 1
—— Case 2
0.2 0.2+ Case 3
Case 4
—— Case 5
0.0 pr———— T 0.0
0.0x10° 4.0%x10 8.0x10™ 1.2x1073 1.6x1073 0
Wall shear stress (Pa) Wall heat flux (W/m?)

(a) (b)

Figure 10. The shear stress and heat flux on the hot wall: (a) wall shear stress; (b) wall heat flux.

Overall, for the low-speed natural convective flows of this study, the y transport
equation and Wilcox’s low-Re modification to the SST k-w model accurately simulated
the air velocity and temperature fields. Analyses of the turbulence quantities revealed
that the algebraic y-equation and -Rey model overpredicted the air turbulence in the
near-wall regions, while the k;-k;-w model overpredicted that in the bulk region. Although
Wilcox’s low-Re modification did not explicitly model the laminar—turbulent transition, it
had surprisingly good accuracy in velocity and temperature simulations. This attribute
makes it a good option for engineering applications where the integral flow properties are
the main quantities of interest, while the turbulence quantities are of secondary importance.
In this study, Wilcox’s model had a comparable accuracy with the < transport equation
for velocity and temperature simulations. However, it is worth noting that the turbulent
viscosity yielded from the < transport equation was one to four orders of magnitude
higher than that predicted by the low-Re modification in the near-wall regions but three to
four orders of magnitude lower in the bulk region, as shown in Figure 9. This difference,
however, did not cause remarkable changes in the velocity and temperature simulations
because of their very small magnitudes. Nevertheless, it is believed that the 7 transport
equation provided a more mechanistic modelling than the Wilcox’s model. In particular, the
difference in the predicted turbulence quantities and their effects on other flow properties
may be amplified when the flow condition changes. Broad validation under various flow
conditions including mixed and forced convective flows are still needed to further justify
their suitability.

5. Conclusions

The natural convection flow of air in a differentially heated cavity (Ra = 1.5 x 10°)
was simulated using various transition turbulence models within the RANS framework.
Comparison of the CFD results against the experimental and DNS data reported in the
literature showed that the y transport equation and Wilcox’s low-Re modification to the SST
k-w model had good accuracy for the air velocity and temperature of the buoyancy-driven
low-speed flows. Analyses of the turbulence quantities revealed that the accuracy of the
two models stemmed from their effective modelling of turbulent quantities such as the
turbulent kinetic energy and turbulent viscosity. By contrast, the algebraic y-equation,
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7-Rey model and kj-ki-w model either under- or overpredicted the turbulent quantities in
different regions of the cavity, resulting in significant predictive errors for other flow field
quantities. Comparatively, the v transport equation offered more mechanistic modelling
than the Wilcox model because it explicitly modelled the laminar—turbulent transition,
although the Wilcox model can serve as an acceptable and cost-effective method to estimate
laminar-turbulent transitions in engineering applications.
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